ABSTRACT: Assessment and optimization of procedural outcomes, namely joint replacement, that rely heavily on muscle action necessitates a model capable of accurately and reliably predicting muscle paths in an automated setting. In this study, such a model was developed and validated for the anatomic shoulder and one implanted with reverse total shoulder arthroplasty (rTSA), as these scenarios present particularly complex ranges of motion and wrapping geometries. A finite element (FE) element model included a "string-of-pearls" representation of the four rotator cuff muscles and the three deltoid muscle bundles. Muscle bundles consisted of 15 rigid spheres connected by linearly elastic springs and attached to the bones at their origins. The free ends of the muscle bundles were pulled to their insertions, after which motions were applied to the shoulder. Muscle moment arms were calculated and compared to data available in the literature qualitatively and using Pearson rho values and root-mean-square errors. The process was repeated following implantation of an rTSA. The FE model captured muscle paths throughout 180˚of motion in under seven minutes. Moment arms at 30˚and 60˚of scaption generally fell within the ranges predicted by previous experimental and computational studies. The FE model showed good qualitative agreement with previously published results for abduction, flexion, and axial rotation before and after rTSA. In conclusion, a model capable of predicting muscle paths in the presence of variable wrapping geometry was developed and validated without sacrificing enough computational efficiency to render its use impossible in numerical techniques such as design optimization. ß
Computational determination of muscle paths and moment arms of musculature spanning any joint with complex wrapping geometry and multiple, wide-ranging degrees of freedom (DOF) presents a challenging problem. Muscle paths, and more specifically moment arms, partially dictate the force generating capacities of the musculotendon units spanning the joint, and therefore affect active ROM and potentially joint stability. Paths are dependent on geometry over which they wrap; although analytical solutions based on the shortest path around wrapping geometries [1] [2] [3] [4] are attractive in terms of computational efficiency, it is difficult to guarantee that they reliably produce anatomically feasible muscle paths, especially near the limits of motion. This uncertainty can be compounded by any procedure that significantly alters the geometry over which the muscles wrap, the positions of the bones with respect to one another, the origin/insertion sites of tendons, or any combination. An example of a joint with a large, complex range of motion is the shoulder. Additionally, wrapping geometries of the anatomic shoulder are complicated, and even more so with implantation of reverse total shoulder arthroplasty (rTSA). The objective of this study was therefore to develop and validate a finite element (FE) model capable of dynamically predicting muscle paths of an anatomic shoulder and one implanted with a representative rTSA, due their complexity. An example application of such a model is design optimization of rTSA to maximize ROM, which is highly dependent on the alteration of muscle moment arms [5] [6] ; relevant computational models capable of predicting moment arms [7] [8] [9] [10] are either computationally expensive or not easily adapted to account for changes in the geometry on which the muscles wrap, characteristics which were improved upon with the present model. Although the presented technique was developed specifically for an anatomic and rTSA shoulder, its use extends to any scenario where reliable prediction of muscle paths may not be possible using analytical solutions.
METHODS Finite Element Muscle Wrapping Simulation
Polygonal descriptions of a clavicle, scapula, and humerus were adapted from the publicly available MoBL-ARMS Dynamic Upper Limb musculoskeletal model, developed by Holzbaur et al. 7 (https://simtk.org) for use in the open source musculoskeletal modeling software, OpenSim 11 (https:// simtk.org). The geometries were processed into surface files using Paraview 4.2.2 12 and then converted into solid geometries using SolidWorks 2014 (Dassault Syst emes, Waltham, MA). Each bone was treated as a rigid body and meshed with quadratic tetrahedral elements (C3D10M) with an average element edge length of 2.5 mm in the commercially available finite element analysis pre-processor software Abaqus/CAE 6.14 (Dassault Syst emes). The coordinate systems, as well as initial positions and orientations of the bones, were defined as those given in the aforementioned musculoskeletal model 7 with the arm in the neutral position. Muscle origins and insertions were also adopted from this model. Four muscles of the rotator cuff (supraspinatus, infraspinatus, subscapularis, and teres minor) and three deltoid bundles (anterior, middle, and posterior) were modeled using a "string-ofpearls" representation ( Fig. 1) . Each muscle consisted of a series of 15 rigid spheres, each 10 mm in diameter and meshed with quadratic tetrahedral elements (C3D10M) with an element edge length of 3 mm. Sphere centers along each muscle bundle were initially separated by 3 mm and connected by 1D point-to-point linearly elastic springs. Each muscle bundle was pinned at its origin on the scapula (clavicle for the anterior deltoid) by constraining all translational DOF. Wrapping patterns were calculated using an explicit solver (Abaqus/Explicit). Initially, the muscle bundles were oriented in space in a manner that spheres were not in contact with bone, other than at their origins, or oneanother (Fig. 1) . During the initial wrapping step, the free (distal) ends of each muscle were pulled to their respective insertion sites on the humerus using one DOF translational connectors (Fig. 1) . The Abaqus default "hard" pressureoverclosure relationship for normal contact and frictional tangential contact was modeled at all sphere-bone interfaces, such that the muscle bundles wrapped over bony geometry as their free ends were pulled to the insertion sites. To reduce computational cost, sphere-sphere contact was not considered. Scholz et al. 13 compared an energy minimization technique, 14, 15 which is essentially the goal of the explicit FE model, with variable numbers of path discretization vertices to a geodesic technique, finding that using 15 vertices, in comparison to five, allowed solution to approach that of a geodesic technique. As such, this was selected as the number of contact spheres for all muscles. A sensitivity analysis pertaining to contact sphere size was performed, the details of which can be found in Appendix I. Variable model parameters included material properties, the constant of the springs connecting the contact spheres, and friction coefficient. Material properties of all bones and contact spheres were defined as that of cortical bone with a density of 2.5 mg/ mm 3 , an elastic modulus of 17 GPa, and Poisson's ratio of 0.3. Each spring was assigned a constant of 1 N/mm and the coefficient of friction between the spheres and bones was 0.15.
Following the initial wrapping step, motions were applied to the FE model, the definitions of which are in accordance with recommendations by the International Society of Biomechanics for motion at the shoulder, 7, 16 and are the same as those used in the previously reported OpenSim musculoskeletal shoulder model by Holzbaur et al. 7 The position of the humerus with respect to the scapula depended on three spherical coordinates representing elevation plane angle, elevation angle, and axial rotation angle. Based on this convention, abduction, scaption, and flexion occurred within elevation planes with angles of 0˚, 30˚, and 90˚, respectively. Scapulothoracic motion was defined by regression equations presented by de Groot and Brand, 16 simplified such that the position of the clavicle and scapula varied only with humeral elevation. 7 The sequence of motions applied to the FE model was always in the order of axial rotation first, followed by elevation within a given elevation plane. As the shoulder was manipulated through the prescribed motions, the simulated muscle bundles continued to wrap and glide across the surfaces of the bones while spanning from origin to insertion.
Wrapping Path Extraction
A custom algorithm in MATLAB 2014b was used to query FE results for any spheres that were in contact with bone at specific arm positions (Fig. 2) . The global coordinates of the sphere's centers were processed into the coordinate systems of the bone with which they were in contact. Thus, for each muscle bundle, at any desired arm position, the coordinates of the origin, insertion, and necessary wrapping points in between were known with respect to the bone(s) being wrapped over.
Musculoskeletal Model
Muscle paths predicted by the FE model were implemented in the previously described musculoskeletal model by Holzbaur et al. 7 in OpenSim 3.3 for moment arm calculation. In their model, muscle wrapping was achieved using a combination of simple geometric wrapping geometries and manually defined via points through which muscles bundles are constrained to pass. In our model, via points are defined entirely based on our FE model-predicted wrapping coordinates, and no additional wrapping geometries were required. Thus, wrapping patterns were simulated in the FE model throughout a continuous motion, and then muscle moment arms at discrete instances within that motion were calculated in OpenSim. 
Motions
Muscle path accuracy was assessed and model validation was performed using previously published data for muscle moment arms for various motions and positions of the arm from both experimental and computational studies. Elevation moment arm data was available in the literature for continuous abduction and flexion, 7, 9, 17, 18 as well as discrete positions of 30˚and 60˚of scaption, 8, 19 all with the arm in neutral rotation. Axial rotation moment arms were available for the arm at neutral elevation [3] [4] [5] 15 and 30˚, 60˚, 90˚, and 120˚of abduction and flexion. 20, 21 Muscle Wrapping After Reverse Total Shoulder Arthroplasty The bones in the FE model were then implanted with a representative rTSA configuration having a glenosphere diameter of 36 mm and neck-shaft angle of 155˚. Placement and orientation of the implant was guided by an orthopaedic shoulder surgeon (GSA). Due to the nature of this implant concept, joint center of rotation was moved 21.8 mm medially and 5.5 mm inferiorly in comparison to the anatomic model. The muscle wrapping step was repeated as previously described for the anatomic case, and motions for which moment arm data was available after rTSA in the literature were applied. The motions included abduction and flexion, 18 as well as axial rotation with the arm at neutral 22 and 30˚, 60˚, 90˚, and 120˚of abduction and flexion. 21 Moment arms were calculated using the musculoskeletal model in the same manner as previously described, while accounting for the relocated joint COR.
Data Analysis
Moment arms computed by the current FE model based technique were compared with previous experimental and simulation results to assess model validity. Moment arm data that was presented graphically in previously published work was manually digitized using an open-source program (PlotDigitizer, University of Southern Alabama). Qualitative assessments were performed using graphical representations of previous and current moment arm data.
Quantitative assessments were performed between the FE model moment arm data generated using the musculoskeletal model by Holzbaur et al., 7 as well as a subset of experimental studies, namely those that provided data before and after rTSA. 18, 21 Average root-mean-square (RMS) error between moment arms predicted by the current FE model and the musculoskeletal model by Holzbaur et al. 7 were calculated for the anatomic shoulder throughout abduction and flexion. An analysis of moment arm trends in the anatomic shoulder was conducted by calculating Pearson rho values for each muscle throughout abduction and flexion between moment arms from studies by Ackland et al. 17 and moment arms from both the current FE model as well as the musculoskeletal model by Holzbaur et al. 7 Additionally, Pearson rho values were calculated to compare data from the current FE model to that from studies by Ackland et al. 18, 21 before and after rTSA for abduction, flexion, and axial rotation at 30˚, 60˚, 90˚, and 120˚of abduction and flexion. For axial rotation at varying levels of abduction and flexion, the data comparison was consolidated by calculating a single Pearson rho value for each muscle with the different combinations of elevation plane and pre-or post-operative status. For example, for one muscle, a total of four Pearson rho values were calculated: Anatomic abduction, anatomic flexion, implanted abduction, and implanted flexion, where all levels of elevation in each plane were included.
It should be noted that data was not available for all muscles included in the FE model for all studies. Conversely, in several studies data was reported for more than one portion of a muscle. If muscle bundles were identified, comparisons were made between whichever bundle was best represented by the present FE and musculoskeletal models. Bundles of the rotator cuff muscles represented by the current model were identified as the anterior supraspinatus, inferior infraspinatus, superior subscapularis, and inferior teres minor. 
RESULTS
The FE simulation times for the anatomic or reverse shoulder were approximately 2.5, 1.25, and 4.5 min for the wrapping step, 90˚of rotation motion, and 180˚of elevation motion, respectively, on a desktop computer using an Intel 1 Core TM i7-4790 @ 3.60 GHz processor and 16 GB of RAM.
The moment arm results are described for specific motions of the shoulder.
Scaption
Elevation moment arms calculated for the anatomic shoulder at 30˚and 60˚of glenohumeral (GH) scaption for four rotator cuff muscles are shown in Figure 3 . For comparison, ranges of previously reported values from seven experimental studies and seven computational models (reported by Gatti et al. 19 and Favre et al. 
Abduction
Elevation moment arms for all seven muscle bundles represented in the current (anatomic shoulder) model are compared to one experimental study and two computational models in Figure 4 for abduction from 0˚to 90˚. Note that Webb et al. 9 included volumetric, multi-fiber representations of muscles, and therefore the range of moment arms for all fibers composing each muscle is depicted. Pearson rho values between data by Ackland et al. 18 and both the current FE model and the musculoskeletal model by Holzbaur et al. 7 is shown in Table 1 . The average RMS errors between the FE model predicted moment arms and the moment arms generated using the musculoskeletal model by Holzbaur et al. 7 are as follows: 2.2, 1.9, 1.2, 0.4, 0.2, 0.5, and 0.1 cm for the anterior deltoid, middle deltoid, posterior deltoid, supraspinatus, infraspinatus, subscapularis, and teres minor, respectively. Ackland et al. 18 reported abduction moment arms for three bundles of the deltoid and the subscapularis before and after rTSA implantation, for which comparisons to the current model are shown in Figure 5 . It should be noted the pre-operative data is the same as that presented in Figure 4 . Pearson rho values before and after implantation are shown in Table 1 . Implantation of the shoulder with rTSA caused average moment arm increases of 1.2, 1.3, and 1.2 cm for the anterior, middle, and posterior deltoid, respectively in comparison to the anatomic shoulder using the current FE technique.
Flexion
Pearson rho values are shown for all muscles in Table 1 comparing the experimental data from Ackland et al. 17, 20 to moment arms generated using the current FE model and the musculoskeletal model by Holzbaur et al. 7 for the anatomic shoulder. Average RMS errors between the moment arms from the two computational models were 2.2, 1.3, 0.9, 0.8, 0.4, 0.2, and 0.1 cm for the anterior deltoid, middle deltoid, posterior deltoid, supraspinatus, infraspinatus, subscapularis, and teres minor, respectively. Ackland et. al18, 21 21 also reported elevation moment arms of the deltoid bundles and subscapularis after rTSA implantation, for which comparisons are shown in Table 1 and Figure 6 . The current model predicted average increases of 1.3, 1.2, and 0.9 cm in the flexion moment arms of the anterior, middle, and posterior deltoid, respectively, following implantation of rTSA. 18 .
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Axial Rotation at Neutral Elevation FE model predicted axial rotation moment arms in comparison to moment arms predicted by four other computational models [7] [8] [9] 22 are shown in Figure 7 . Hamilton et al. 22 reported axial rotation moment arms of the external rotators, namely the posterior deltoid, infraspinatus, and teres minor, before and after implantation of several different configurations of rTSA. The implant configuration that best matched the one used in this study was chosen for comparison and moment arms before and after implantation are shown in Figure 8 .
Axial Rotation at Varying Levels of Abduction and Flexion
Pearson rho values are shown in Table 2 for FE model predicted moment arms versus those reported by Ackland et al. 18, 21 in experimental studies reporting axial rotation moment arms at varying levels of abduction and flexion before and after implantation of rTSA.
DISCUSSION
Balancing accuracy and computational efficiency of a model capable of predicting muscle paths throughout the comprehensive ROM of the shoulder presents a challenge due to the number of DOF allowed at the joint, the wide-ranging limits of these DOF, and the complex bony anatomy over which the musculotendinous units wrap. Previously presented computational models have used several methods to determine muscle paths and generally fall into two categories for muscle representation: Volumetric and line segment. A volumetric FE model by Webb et al. 9 took between 12 and 20 h to capture 90˚of motion. Favre et al. 8 developed a model that employed similar techniques to those presented in this paper, where a line segment representation of muscle fibers was used in an FE model. It was reported that for a single joint position and muscle fiber, wrapping took up to 10 s. Using this as a guide, 180˚of motion simulated in increments of 5˚could take up to 42 min.
Holzbaur et al. 7 developed a musculoskeletal model that determines paths of line segment using a combination of rudimentary wrapping geometry around which the shortest geodesic path is calculated and points through which the muscle is constrained to pass (via points). This method is very computationally efficient and has been proven accurate for a subset of motions, for which it serves as a valuable source of information to validate the present model. However, capturing the possibly subtle effect of altering geometry, whether by using a different set of bones or implantation, on muscle paths would be challenging using this method. Therefore, the present model, which simulates 180˚in under 7 min (including the initial wrapping step), was developed for the purposes of computational efficiency and adaptation to changes in geometry over which the muscles wrap; accuracy was both qualitatively and quantitatively assessed by comparing moment arms resulting from the present FE model to those available in literature from both experimental studies computational models.
At discrete arm positions of 30˚and 60˚of GH scaption in the anatomic shoulder, the present FE model predicted muscle paths that resulted in moment arms of the rotator cuff muscles that generally fell within the ranges of both experimental and computational studies 8, 18 (Fig. 3) . The exception is the supraspinatus, which fell only in the range of experimentally determined values for both positions. The broad ranges of computational moment arms for the subscapularis at both positions is likely a result of its broad attachment footprint on the anterior portion In general abduction moment arms for all muscle bundles in the anatomic shoulder fell within, or very close to, the range of moment arms determined by Webb et al., 9 except the anterior deltoid (Fig. 4) . Experimental results from Ackland et al., 17 computational results from the model by Holzbaur et al., 7 and present FE model results agree that the contribution of the anterior deltoid to abduction increases with abduction angle, evidenced by the Pearson rho values close to one in Table 1 . Discrepancies in the moment arms of the anterior deltoid could be attributed to the complications in muscle wrapping imparted by the acromion on the scapula. In general, the changes in moment arms of the anatomic shoulder throughout abduction are captured well by the FE model when comparing to the experimental data by Ackland et al. 17 (Table 1) , except for teres minor, in contrast to the model by Holzbaur et al., 7 which exhibits strong negative correlations for the posterior deltoid, infraspinatus, and teres minor. Ackland et al. 18 provided data for abduction moment arms for three bundles of the deltoid and the subscapularis before and after rTSA implantation. The effects of rTSA on the moment arms of the deltoid are in good agreement, where strong positive correlations and universal increases in the abduction moment arms are observed between 0˚and 120˚of abduction (Table 1 and Fig. 5 ). For the anterior and middle deltoid, Ackland et al. 18 observed mean moment arm increases of 1.1 and 1.6 cm, respectively, across eight cadaveric specimens after rTSA versus 1.2 and 1.3 cm increases, respectively, in the present model. Implantation of rTSA also caused changes in elevation moment arms of the deltoid during flexion compared to the anatomic shoulder (Fig. 6) . Although some negative correlations were observed for flexion of the anatomic shoulder between Ackland et al. 17 and both the FE model and the musculoskeletal model by Holzbaur et al., 7 the RMS errors between the FE and musculoskeletal model showed reasonable agreement. Additionally, moment arm trends in flexion following rTSA were in good agreement with Ackland et al. 18 ( Table 1) . Mean increases of the middle deltoid moment arm were 1.4 and 1.2 cm in the study by Ackland et al. 18 and the present model, respectively, after rTSA. Similarly to abduction, axial rotation moment arms with the arm at neutral elevation of all seven muscle bundles represented by the present FE model fell within, or close to the range of moment arms presented by Webb et al. 9 ( Fig. 7 ). The FE model by Favre et al. 8 predicts greater changes in moment arms of the middle and posterior deltoid with changes in joint angle than either the present model or the model by Holzbaur et al. 7 . In contrast, the Holzbaur et al. 7 model shows greater variation in the moment arm of the anterior deltoid with changes in joint angle than do the present model and that by Favre et al. 8 , which both agree with findings by Webb et al. 9 Good agreement for the infraspinatus, subscapularis, and teres minor is observed between the present model and all other models used for comparison, where the infraspinatus and teres minor are the dominant external rotators of the rotator cuff, while the subscapularis is the dominant internal rotator.
A model by Hamilton et al., 22 in which muscle paths were determined by identifying contact points between muscles and bones, was used to determine rotation moment arms of the external rotators before and after rTSA implantation (Fig. 8) . The effects of rTSA on the external rotation moment arms of the posterior deltoid are small in comparison to the infraspinatus and teres minor. In both the present model and the model by Hamilton et al., 22 the contributions of the infraspinatus and teres minor to external rotation after rTSA surpass those in natural anatomy with increasing external rotation angle, however the current model indicates that this occurs before neutral axial rotation when moving from internal to external rotation.
Regarding axial rotation moment arms of the shoulder muscles before and after rTSA with the arm at varying levels of abduction and flexion, the present model shows good correlation with results presented by Ackland et al. 20, 21 in most cases (Table 2) . Differing trends, represented by negative Pearson rho values, were observed in the anterior deltoid, subscapularis, and teres minor during abduction, as well as the middle deltoid during flexion in the anatomic shoulder. In all other cases, positive correlations were observed for both the anatomic and implanted conditions, indicating that the present model was producing changes in moment arms consistent with the experimental data during axial rotation at varying degrees of abduction and flexion.
Possible sources for discrepancies in moment arms across the studies used for validation include size and shape variation of bony geometry. The model by Holzbaur et al., 7 from which the bone geometry for the present model was taken, used bones representative of a subject with the height of a 50th percentile male, or roughly 170 cm. Studies that used bony geometry from a cohort of subjects in which this specific demographic was not well represented may have determined differing moment arm values. The present technique could easily be adapted to use bone geometries representing other subject populations to determine differences in muscle paths and moment arms resulting from both variable bone geometry and implantation. The limitations of this technique are inherent to using a line segment representation of muscle bundles, where it is not possible to capture variable contributions of an entire muscle. Although muscle-bone interactions of individual fibers are likely close to frictionless, support that would be provided by surrounding fibers was simulated using frictional contact in order to constrain unrestricted slipping of muscle bundles over bony surfaces during motion, however, large changes in moment arms were observed with small changes in joint angle in a limited number of scenarios where a muscle bundle first lost contact with a bone during a motion (i.e., the middle deltoid in Fig. 3 ). In the interest of computational efficiency, interactions between different muscle fibers was not modeled, when in reality, muscle paths may be affected (i.e., the deltoid must wrap over top of the rotator cuff). In the future, the effects of including these interactions should be studied. Additionally, more rigorous sensitivity analyses pertaining to model parameters, such as frictional coefficient, spring constant, and number of spheres in a muscle path, should be in performed to investigate their effects on muscle path predictions.
CONCLUSION
The presented FE model provides a viable solution to predicting muscle paths throughout the complex motion of the shoulder in both the anatomic shoulder and one implanted with a reverse shoulder. Although the present technique is not the most computationally efficient available, the advantages lie in its reliability in relation to predicting muscle paths in the presence of altered joint geometry and angle, making it a viable option in such applications as design optimization, where model automation, and therefore reliability, are of particular importance. The model shows acceptable agreement with results available in the literature for muscle moment arms of an anatomic and implanted shoulder. Although the model was specifically developed and validated for anatomic and rTSA shoulders, it could easily be adapted to incorporate varying bone and implant geometries, meaning that its potential use extends beyond the assessment of reverse shoulders and could be applied to evaluate a range of unanswered clinical questions that relate to the paths, moment arms, and therefore force-generating potential of muscles in any joint.
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